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Description 

APPARATUS AND IWETHOD FOR ENHANCED CHEIWiCAL PROCESSING IN HIGH PRESSURE AND 
ATIWOSPHERIC PLASMAS PRODUCED BY HIGH FREQUENCY ELECTROMAGNETtC WAVES 



BACKGROUND OF THE INVENTION 



1. Field of the Invention 

10 The present invention relates to an apparatus and method far creating higii temperature plasmas for 
enhanced chemical processing of gaseous fluids at a wide range of pressures. 

2. Description of the Related Art 

There is an urgent need for a practical means for chemical processing of gaseous fluids, such as, pollutants 

15 from fossil fuels (NO, QOz, NO2 ) which emanate from industrial smotcestacks and motor vehicles. Also, 

ttiere has been no practical means to render harmless toxic chemicals, such as nerve gas, PCB's and dioxins. 
Additionally, there is a need for a practical means of performing industrial chemical processing at high rates 
which is impracticable using the present industrial chemical technology due to low reaction rates. 
One attempted solution to this problem is to enhance the chemical breakdown of toxic chemicals by 

20 irradiating the chemicals, or mixture of the toxic chemicals and a catalyst with microwave energy. The reaction 
is usually carried out in a closed container at low near vacuum pressures. See, e.g.. U.S. Patent Nos. 3,616,461 ; 
3,619,403; 4,076,606; 4,076,607; and 4,345,933. Specifically, U.S. Patent No. 4,076,606 discloses a method for 
decomposing NOx, or nitrogen oxides, NO^ and oxygen and/or carbon dioxide with microwave irradiation. The 
technique is relatively efficient at very low, near vacuum pressures. However, the technique does not work wreil 

25 at pressures even as low as 24.1 mm. Hg.; see. Table 3 at col. 10. lines 15-25. 

All of the methods and apparatus cited above are impracticable for large scale processing Of chemicai 
wastes, or in industrial smolte stacks and automobile exhausts. In order to be practicable, such reactions must 
be done in an open, fiow through, system at atmospheric or fiigher pressures. 
Another approach which claims to provide a practical solution to this problem may be found in U.S. Patent 

30 Ho. 3,862,043 entitled POLLUTION CONTROL. U.S. Patent No. 3,862.043 generally discloses that by interfenng 
with a polluting gases by a variety of undisclosed specific frequencies, these polluHng gases may be broken 
down to their constituent parts. The apparatus uses a PYREX" glass or quartz tube connected to an industrial 
smoke stack or an automobile exhaust. PYREX^ is a registered trademark of Corning Glassworks, Corning, 
New York 14830. Around the tube a plurality of sets of windings are each connected to separate generating 

35 units which produce various electrical frequencies, each being specifically tuned to breakdown a particular 
poliutant. However, U.S. Patent No. 3,862.043 does not disclose how these generating units are Individually 
tuned, nor does U.S. Patent No. 3,862,043 provide any examples, specific operating parameters or any data to 
support Its claims. Applicant Is not aware of any functional apparatus constructed according to the teaching of 
U.S. Patent No. 3,862,043. 

40 Another attempted solution to the aforementioned problem is to break down and chemically process these 
exhaust fumes, toxic pollutants and industrial chemicals in an extremely hot plasma. The production of large 
volume, high temperature plasmas at low or near vacuum pressures has already been achieved, see, e.g., U.S. 
Patent Nos. 3,814,983 and 4,507,588. However, when the pressure Is raised to near atmospheric or higher 
pressures the diffuse, large wrtume plasmas, pnaduoed in accordance with the ^paratus and methods cited 

45 above, collapse to thin filamentary plasmas which quicidy drift toward the microwave source. These filamentary 
plasmas have been used at atmospheric pressures. e.g., to polymerize monomers on the surface of 
substrates where the polymer is formed by the plasma heating the monomer, see U.S. Patent No. 4,521 ,71 7; or 
to fuse silica on the inside of a very thin glass tube used for manufacturing optical fibers, see U.S. Patent 
No. 4,125,389. 

50 There have been attempts to isolate the filamentary plasma in a small diameter 5 to 40 mm quartz or PYREX 
glass tube. See, G. Moreau, et al„ Microwave Cavity for Atmospheric Pressure Plasmas , J. Phys. E: Sci. 
Instrum.. Vol. 16, Printed in Great Britain (1983) (the "Moreau Artiote'); P. Taras, ©t al.. Nitric Oxide Plasma 
Chemical Synthesis in Argon Stabilized Microwave Discharge at Atmospheric Pressure . Acta Phys. Slov. 33, 
No. 3 (1983) (the "Taras Article"); Y. Arata, et al.. Research of a Stationary High Power Microwave Plasma at 

55 Atmospheric Pressure . Journal of the Physical Society of Japan, Vol. 40. No. 5 {May 1986) (the "Arata Article") ; 
and U.S. Patent No. 3,577,207 issued to V.P. Kirjushin. etal.. entitled MICROWAVE PLASMATRON. However, 
as in all of the plasma generating apparatus which function at atmospheric or higher pressures, the plasmas 
prciduced by these methods drift toward the microwave source. Wlttiout any modifications, the plasma settles 
at one spot inside the glass or quartz tube and eventu^ly cracks or metis the tube. Also, since the plasma is 

60 small it allows the flow of gaseous wastes around the plasma and not break down all of the chemical gaseous 
wastes in the tube. The configurations which utilize a quart;; tube cannot be scaled Up to utilize high power, 
high pressures and high flow rates because quartz cannot withstand high pressures, and because of the 
cracking and melting problems of the quartz tube at high power levels. 
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The Taras Article discusses attempting to stabilize tiie plasma inside a glass tube by the introduction of an 
Dvocvf*"Pl'"*°.^!.^'^^'"^' w^e^eas. the Arata Article attempts to maintain the plasma in the center of the 
? by introducing a helical flow of nitrogen gas to form a gas wall between the plasma and the 
L"^^^-. I ^ "^'^^"^^ ^^^'^ *° ^t^bl® ^^^y 'ow power smali systems discussed 

n the Taras and Arata Articles, the small microwave plasmas stabilized by inert gases would be impractical for 
large industrial plants or for smaller plasma producing apparatus which would be installed in automobfle 
exhausts. First, such a system requires a large source of Inert gas, such as nitrogen. Also, the use of the inert 
gas m a glass tube would allow some chemical wastes to flow around the plasma, especially when these 
wastes are pumped through the apparatus at relatively high pressures present in some industrial processing 
plants, smol<e stacks or in motor vehicle exhausts, in addition, at high power levels the quartz or PYREX^ glass 
tube would absorb microwave power, heat up and eventually would crack or melt 
.J^ia^TZ f tk""'! ^^^r* ^'^^^'^OZ produces a low temperature plasma in a spherical or 

cyl ndr cal cavity. The plasma is produced at atmospheric pressure Inside a PYREX" glass or quartz tube To 
maintain he plasma at the center of the tube, the '207 Patent places the wave guide symmetrically around the 
cavity atowing the electro-magnetic wave to be discharged into the cavity through symmetrical slots 
surrounding the glass or pyrex tube. The gas is fed into the tube as a turbulent jet which produces a 
IZ'uT^ul 'n^r^^M "^o*^™ ^"^^ *° P'®''^"* P'^^"^^ "^^'"9 contact with the walls of 

^ f^n^ ^■^S/.ZO? uses a tube having a diameter of about 500 mm to form a plasma column 

about 3CH) mm long and 40 mm in diameter. The reported plasma temperatures of 3,000-5.000 degrees are 
suitable for the limited purposes of U.S. Patent No. 3,557,207 which are: 'conducting chemical reactions of 
extreme purity, depositing thin films, growing crystals producing powders and other technological purposes " 
See, Abstract at lines 3-5. However, a 40 mm diameter plasma in a 500 mm diameter tube is not sufficient to 
fully treat toxic chemicals and pollutants which flow through the tubs, past the plasma, at atmospheric or much 
higher pressures. Also, when highly toxic gases are being purified, such as PC»'s or nerve gas a passage of 
only a very small amount of the toxic gas past the plasma might be catastrophic. 

In addition, with very high power plasmas which would be necessary for treatment of industrial wastes and 
automobile exhaust, a quartz or PYREX" glass tube would eventually be coated with deposits from the 
iridustriat wastes and automobile exhaust. The deposits would be fused to ttie- surface of the tube by the 
plasma and block the microwave radiation tram enta-ing the tube. Eventually enough microwave radiation 
wouki be blocked to prevent the formation of the plasma. Aiterr>atively, the hot plasma and the deposits fused 
on the tube would eventually eat away the surface of the tube and allow the plasma to drift toward the 
microwave source, arcing through the waveguide and destroying the microwave source. The major problem 
with a quartz or PYREX" glass tube is that at high power levels it absorbs some microwave power Tbfr tube 
heats up substantially from the absorbed microwave power and eventually cracks or melts. 

What is needed is a plasma forming apparatus which allows the pollutants and other toxic chemicals to be 
fed into the plasma at high rates and at high pressures ranging from about 1 atmosphere (760 Torr) up to a 
practical limit of about 10 atmospheres (7600 Torr) . in order to fully break down pollutants and toxic wastes the 
plasma must have a cross-seotionai area ranging from a little below the diameter of an automobile exhaust 
pipe up to several feet in diameter when used for industrial treatment of chemical wastes, in addition such 
atmospheric pressure and high pressure plasmas require an extremely high electric field, greater than 30 
KV/cm at 1 atmosphere which traditionally has required electromagnetic povrer density levels In the range of 
10-20 watts/cm3 for a 10.000 degree centigrade plasma. The production of microwave or other 
electro-magrietic radiation at these power levels is impractical for many applications, for instance, motor 
vehicles and industnal chemical plants which need power sources that are relatively small and efficient 

High energy plasmas are extremely difficult to contain and stabilize within a resonant cavity. A plasma which 
drifts in the cavity toward the wave guide and arcs downstream toward the microwave source would 
immediately destroy the microwave source. Also, as discussed above, the use of a quatz or glass tube to 
contain the plasma is impractical since the tube would quickly be cracked or melted by the plasma and coated 
by the hot chemroat wastes and exhaust. In addition, use of a turbulent gaseous wall to contain the plasma in 
tlie middle of the tube creates the danger of the likelihood of allowing the toxic fluids to pass around the 
plasma. 



SUMMARY OF THE INVENTION 

In accordance with the present invention an apparatus and a method are provided for creating a high 
temperature plasma for enhanced chemical processing of gaseous fluids, toxic chemicals and the like at a 
wide range of pressures, but especially at atmospheric and higher pressures. The apparatus includes an 
eieotro-magnetic resonator cavity, preferably an extremely high efficiericy (high Q) reentrant cavity, and a 
guiding wave structure which connects an electro-magnetic radiation source to the cavity. The cavity Includes 
an intake and an exhaust port, each having apertures in the conductive wails of the cavity sufficient for the 
intake of the gaseous fluids and for the discharge of the processed gaseous fluids. The apertures are 
sufficiently small to prevent the leakage of electro-magnetic radiation from the cavity. 

A source of gaseous fluid flow from the direction of the eiectro-magnetio radiation source through the 
guiding wave structure and Into the cavity, stabilizes the plasma and pushes the plasma away from the guiding 
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wave structure and the eiectro-magnetic radiation source. This source of gaseous fluids confines the high 
temperature plasma in^de the cavity and forces the flow of gaseous fluids aitireiy through the piastna for 
complete and enhanced chemical processing of the gaseous fluids. Enhanced chemical processing of toxic 
waste gases pollutants, eita, is accomplished in a range of near vacuum conditions to a practical limit of about 
5 10 to 20 atmospheres by the following steps: 

1. Introducing the gaseous fluids through the Intake aperture of the intake port in the wall of the 
eiectro-magnetic cavity, preferably through the entrance of the guiding wave structure. 

2. Transmitting elech-o-magnetic radiation through the guiding wave structure from the electro-mag- 
netic radiation source into the electro-magnetic resonant ca>flty. 

10 3. Producing a flow of gaseous fluid from the guiding wave stmcture Into the resonant cavity and 

directed at the plasma in order to contain the plasma within the eiectro-magnetic resonant cavity. 

4. Discharging the processed gaseous fluids out of the electro-magnetic resonant cavity through on 
exhaust port. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a schemaHc illustration of the preferred arrangement of components for operating the 
present invetrtion. 

£0 FIG. 2 shows a perspective view illustrating one preferred embodiment of frie reentrant cavity 

according to the present invention. 

FIG. 3 shows a vertical cross-sectional elevational view of the reentr^t cavity illustrated in FtQ. 2 as 
viewed dong lines 3-3 in the direction of the arrows. 
FIG. 4 shows a perspective partial breakaway view of another preferred emiaodiment of tfie reentrant 
25 cavity accwding to the present invention. 

FIG. 5 shows an enlarged horizontal cross-sectional top plan view of the reentrant cavity illustrated in 
FIG. 4 as viewed along line 5-5 of FIG. 5. 

FIG. 6 shows a vertical cross-sectional elevational view of the reentrant cavity illustrated in FIG. 5 as 
viewed along line 6-6 in the direction of the anrows. 
30 FIG. 7 shows a perspective partial breakaway view illustrating a cylindrical cavity according to the 

present invention. 

FIG. 8 shows an enlarged top plan, partial cross-sectional view of the cylindrical cavity illustrated in 
FIG. 7 as viewed along line 8-8 of FIG. 9 in the direction of the arrows. 

FIG. 9 shows a horizontal cross-sectional elevational view of the cylindrical cavity illustrated in FIG. 8 as 
35 viewed along line 9-9 in the direction of the arrows. 

FIG. 10 shows a schematic illustraticwi of a vertical cross-sectional elevational view of a reentrant cavity 
according to the present invention. 



40 DETAILED DESCRIPTION OF THE INVENTION 

In accordance with the present invention an apparatus and a method are provided for creating a high 
temperature plasma for enhanced chemical processing of gaseous fluids, toxic chemicals and the like at a 
wide range of pressures, but especially at atmospheric and higher pressure. As illustrated in FIG. 1, the 

45 preferred components for operating the present invention include a source of electro-magnetic energy 14, 
producing electro-magnetic radiation of predetermined wavelength, frequency, and power level for breaking 
down gaseous fluids 30 and oreafe a plasma within an eiectro-magnetic resonator cavity, preferably an 
extremely high efficiency {high Q) reentrant cavity 10. An electro-magnetic guiding wave structure, such as 
wave guide 16, connects the eiectro-magnetic energy source 14 to reentrant cavity 10. Wave guide 16 

50 transmits the electro-magnetic energy from the electro-magnetic energy source 14 to the reentrant cavity 10. 
As illustrated in FIG. 1 , a bi-directional coupler 1 8, power meter 20 and triple stub tuner 22 are positioned along 
the wave guide 16 for regulating and monitoring the frequency and power level of the electro-magnetic energy 
transmitted through wave guide 16 and for minimizing the reflected eiectro-magnetic power back toward the 
electro-magnetic energy source 14. 

55 The preferred embodiment illustrated in FIG. 1 includes intake port 26 for introducing the gaseous fluids 
through the wrave guide 16 into reentrant cavity 10, and an exhaust port 28 for discharging processed gaseous 
fluids 32 from reentrant cavity 10. To prevent the gaseous fluids 30 from flowing upstream, through the wave 
guide toward the microwave source 14 and leaking out of the apparatus to the surroundings, a confinement 
means, such as quartz window 24 is placed in the wave guide 16 between intake port 26 and triple stub tuner 

60 22. Quartz window 24 or other microwave permeable window, such as PYREX'' glass, block the flow of 
gaseous fluids 30 through wave guide 16 without inhibiting the propagation of electro-magnetic energy 
through the wave guide 16 and into reentrant cawty 10. In addition, quartz window 24 acts as an emergency 
insulator to prevent the plasma from arcing through the wave guide 16, towcffd the electro-magnetic energy 
source 14 and damaging any electronic Instruments in its path if the flow of gaseous fluids 30 is accidently shut 

65 off. 
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The preferred reentrant electro-magnefic cavity 10 is illustrated in detail in RGS 2 and 3 Reentrant 
„CrJ , ' 9^"^^ ^'^9® ^ ■'Stains quartz window 24 in wave auide 16 betwef-n 

cS lO^oS ?o SSlzTthe tr»r^ TfT'? 'I ''^ '^^^^ ^"'•^^ '° "^^ ^^"t^"^ 
cavity 10 ^® electro-magnetic energy from wave guide 16 to reentrant 

cvLlr nfl?'' ^^l^cir°-"iagnetic cavity 10 includes conductive outer wall 52 which forms the outer 

fo^f ' T r^. P'"^"''^^ electro-magnetic cavities described herein alt have rSjf2raV52 which 
forn^s an outer cyhndncal shape with a circular cross-section perpendicular to a common cSSlSl X X f t 
rSr^ r ^^^^ ^^e cavity may have other shap s w i^vS, fZthe SnS'^^^^^^ 

n.^HlL^J^^hr'' reentrant electro-magnetic cavity 10 also includes cylindrical conductive wall 48 which is 
cc^ial with the outer cyimdnoal wall 52 has a circular cross-section pe^endicalar to the common SnTraStis 

Outer conductive wall 52 is coupled to wave guide 16 by coupling aperture 36 Couolina aoertur^^ -W? ar-t^ 
lfZTlT^^V°' r*'''"^ ''"P^^""^ eiect'ro-magSic cavS loKeirpSnS 

SaJiL'r^rg^^^^^^^^^^^^ 

r,f »!nf^f ? outer conductive wail 52 and Inner conductive wall 48 defines an outer cavity portion 39 

secSc<S?H^v^5?2'f '^'■'^^^ ^'"d"'^' '""^r conduct^^e wall K a 

wall 44fomied at one end of outer conductive wail 5Z First conductive wall 42 ^ o JaS to 

:SS;alTn?nrS^^ 

An inner gap portion 40 is formed between paralte! conductive walls 42 and 44. Inner gap portion 40 makes 
^eg-on Which generates an intense electric field between its conduc i?fv,^?s sufficient for 
Se min.S f the gaseous fluid 30 when a magnetic field is generated in the outer^vlt^ portfon S 

ils X X ?o "ffnf ''-I*^"'?^ '"^"'"9 P° be moved along comL'cS 

SSr^^^th iseous S^^^ temperature plasma into their constituent radicals for chemically 

reaoxing wm gaseous fluid 30. The gaseous source of radicals 31 also constantly maintain and stabilize the 

th «kr ir s'3SdThrrn,f?h"'°'''"^ 

liltr^ -l, ^i*^^ 1 "'^ ^''^ gaseous source of radicals 31 is passed throuqh reentrant 
electro-magnetic cavrty 10. A gaseous source of radicals 31, such as H2O in the fom. of st3 l^^ZT. 
irnS^T^'-H" P'^^"^^ constituent rScal 32 a^d d scha^ed JhTgh 

Sra^^Sr/Z th?oS T temperature radicals (processed gaSous fi Jfs 

SSf^iiu™ £ rgI^ 'V « f " ^'^^ electro-magnetic 

S due SSn^rS./ It ''5'""'* ^° ^"^ « P'^ced in-line wRhfn a 

Dr^ferSJ TslSsStt^^n pfr^^^^ appi.cations an alternative reentrant electro-magnetic cavity 1 1 

couS nS^lC^f. ! If I ^' ""^^^ S""*^ ""^ connected to reentrant electro-magnetic cavity at 

«HT^»?f ^ i ^^^^ 9"''^® 1® to provide a source of required hiah temoerature 

g^dele'ft^erthrnSet^^^^^^^^^ 

duct SSe 5?^°^^^^^^^^^ I! ^'^P*^^ - '---X- pipe or flue by an input 

forcerentifely tt^^^^^^^ f ''^^ 3^^^°"= 3° ' '-<^ke stack oTfluT^s 

nJrn= ^- * f rough reentrant electro-magnetic cavity 11. The exterior surface of intai<e duct 48 

1 1 . intake duct 48 has a central longitudinat axis X-X and a circular horizontal cross-section perpendicular to a 
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central longitudinal axis X-X terminating wift perforated intal<e plate 42. Perforated intake plate 42 makes up 
the first conductive wall 42 of the small gap portion 40 described above with respect to reentrant 
electro-magnetic cavity 10. Perforated intake piate 42 includes apertures 46 which allow the flow of gaseous 
fluid 30 from intake duct 48 into the small gap portion 40 of reentrant electro-magnetic cavity 1 1 . It is preferred, 

5 In order to prevent leakage of electro-magnetic energy from reentrant electro- magnetic cavity 11 through 
apertures 46, that the largest cross-sectional linear dimension of apertures 46 should be less than or equal to 
one-half the wavelength of the electro-magnetic energy input through wave guide 16, if the depth of the 
apertures 46 are approximately the same as their longest cross-sectional \mesr dimension. However, when the 
depth of the apertures 46 are much smaller than their largest cross-sectional linear dimension, then the largest 

10 cross-sectional linear dimension of the apertures 46 must be less than or equal to approximately one tenth 
(1/10) the wavelength of the electro-magnetic energy. 

Inner cylindrical wall 48 is mechanically and electrically connected to outer cyiindrical conductive wall 52 by 
coaxial tuning plunger 60. The outer cylindrical conductive wall 52, coaxial tuning plunger 60 and inner 
cylindrical wall 48 all have the same common central axis X-X. The second conductive wall 44 of the small gap 

1S portion 40 is connected to one end of outer cylindrical conductive wall 52 opposite to coaxial tuning plunger 
60. The second conductive wall 44 is co-extensive with exhaust flange 51 . Accordingly, the small gap portion 
40, of reentrant electro-magnetic cavity 11, like reentrant electro-magnetic cavity 10, lies between the 
perforated intake plate. I.e., first conductive wall 42 and the perforated exhaust plate, i.e., second conductive 
waif 44. Apertures 46, described above, are also present in second conductive wall 44. The plasma Is formed in 

20 the capacitive small gap portion 40 between first conductive wall 42 and second conductive wall 44 and 
processed gaseous fluids 32 are forced out of apertures 45 in second conductive wait 44 and out of the smoke 
stack. 

Tuning of reentrant electro-magnetic cavity 1 1 is accomplished by raising or lowering coaxial tuning plunger 
60, to change the height of the outer cavity region of reentrant electro-magnetic cavity 1 1 . A plurality of rods 58 

55 are rotatably mounted to the outer cylindrical wall 52 of reentrant electro-magnetic cavity 11, Gear 62 is 
mounted on each rod 58, and each gear 62 and rod 58 is connected to and coordinated by chain 64 which 
wraps around the outside tuning gears 62. Rods 58 are connected at one end to tuning plunger 60 by metal 
stx-ew flights which r^se or lower coaxial tuning plunger 60 when tuning rods 58 are rotated. One rod 58 is 
rotated by rotating a nut drive 66 at the end of rod 68, opposite to tuning plunge 60. Rotation of rod 58 rotates 

30 gear 62 which causes diain 64 to turn ail other gears 62 to simultaneously c^se ail other tuning rods SB to 
rotate raising or lowering tuning plunger 60. A position incflcator 68 indicates the position of coaxial tuner 
plunger 60 in reentrant electro-magnetic cavity 11. 

Reentrant electro-magnetic cavity 1 1 allows for a large volume of gaseous fluid 30 to be processed at high 
pressures in line within a pipe, duct or industrial smoke stack without having to significantly modify the 

35 construction of the pipe, duct or industrial smoke stack. Because the input pressure of the gaseous sou rce of 
radicals 31 is greater than the input pressure of gaseous fluid 30, there is very little danger of gaseous fluid 30 
escaping through wave guide 16. In addition, if the types of gases which are pnacessed through reentrant 
cavity 1 1 do not fall into the highly toxic category, then escape of relatively minute quantities of gaseous fluid 
30 through wave guide 16 is of little or no consequence. For that reason, a quartz window 24 is not always 

40 necessarily included in wave guide 16, between the source of the gaseous source of radicals 31 and the 
electronic instruments. However, if the escape of gaseous fluids 30 poses a danger, or if there Is concern that 
the plasma may arc upstream through wave guide 1 6 to the eiectno-magnetic radiation source 14, then a quartz 
window 24 should be Included. 

For some applications, a reentrant cavity such as the preferred reentrant electro-magnetic cavities 10 and 

45 11, discussed above, are not necessary because of the availability of high electro-magnetic power levels, the 
need for only a low temperature plasma, or the presence of low operating pressures in flie system. For such 
applications, a non-reentrant electro-magnetic resonant cavity may be sufficient. A cylindrical electro-<nag- 
netlc cavity 12 which is not of the reentrant type is illustrated in FIGS. 7-9. 
Cylindrical electro-magnetic cavity 12 is designed for in-line use within a straight portion of a pipe, smoke 

SO stack or duct. Cylindrical electro-magnetic ca\«ty 12 has a cjrtindricai conductive waJi 48 with a longitudinal 
central axis X-X, and Is connected to wavegidde 16 through coupling aperture 36. First and second conductive 
wails 42 and 44, respectively, ccmstitute the remaining walls of cylindrical electro-fnagnetic cavity 12. As 
described wih respect to reentrant electro-magnetic cavity 1 1 , first and second walls 40 and 42, respeotivefy, 
are perpendicular to central axis X-X and have apertures 46 for the intake of gaseous fluids 30 and exhaust of 

55 processed gaseous fluids 32. 

Tuning of cjrtindrical cavity 12 is accomplished by raising or lowering first conductive wall 42 which is 
moveable along longitudinal central axis X-X. Conductive wall 42 is moved by adjusting knob 82 which turns 
horizontaJ shaft 78 to rotate pinion gear 76. Pinion gear 76 meshes with rack 74 so that rotation of pinion gear 
76 moves rack 74 and first conductive wall 42 which are connected by vertical shaft 72, along longitudinal 

60 central axis X-X. 

Horizontal shaft 78 and vertical shaft 72 are rotatably and sildably mounted to plate 80 which is fixed to inner 
cylindrical wall 48. Horizontal shaft 78 is rotatably mounted at one end to plate 80 and at another end to 
c^indrical wall 48. Rotation of knob 82 causes iM'nion gear 76 to rotate thus raising or lowering rack 74 and first 
conductive wall 42 along longitudinal central aids X-X to alter the height of cylindrical electro-magnetic cavity 
65 12, 
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F^ril'^ Lseous Srf i S t H f ^^"''^^ "'^ °f "PP^^t"^ ''^^"'^^d herein and illustrnted in 
steps of- ^'^'^ ''^ P'^*^""^^ ""^^^^ «^ P^^"t invention which includes the 

cStylO etectro-magnefc resonator cavity, such as reentrant electro-magnetic 

prodifi'an '^^ °f electro-magnetic radiation to a ievei s« to 

fr/n„! "^'^^^j^' '^^vity by adjusting the respective tuning means so that the resonant 

?So7oo^ixr ' ^^^'^ ""^'^'^^ ^^^--^ ~ the e.:r 

fhf nSf ^'"^ **'!,P.'?5f Saseous fluids 32 out of the electro-magnetic reentrant cavities 10 into 
fhepath of gaseous fluid 30 inapipa. flue, duct or ind^^^^^ 

source o ^d 0^3^ m v hT' ''h'^ It '° P^°^^^^'"9 of gaseous fluid 3^ and gUeoS 

source or radicals 31 may be performed in the plasma. In this embodiment the flow of aaseou<5 ^oin-oo «f 

Hm£fTXt^!^Sl'^StT "^'"P:^^"*'-^* electromagnetic cavity 1 1 o'r cylindrical cavity 12. 
^mhnZ'JnJ r « ? "^^"^^ 9^®^°"^ ^ introduced through intake duct 48 Also in these 
eSfr^vSoh th!°^^^^^ ^'f °' '^^''"'^ ^9^'"^* P'^"'^ flow of gaseous fl^dlo 

fn a SLSfnia^ f P™°^^=i"g °f S^^^o^s fluid 30. This is extr^ely important 

in a Chemical pimit. for example, when gaseous fluid 30 is highly toxic 
Reentrant electro-magnetic cavities 10, 11 and cylindrical electro-magnetic cavity 12 were Initiallv desianed 

f Vhf r^ifr^f ;r *u ™ '""''fneter waves may iDe used In a reentrant cavitv to 
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necessary for the initlaf ion of a plasma and explained in detail in the book 
Microwave Breakdown in Gases, by A.D. McDonald, John Wiley & Sons, Inc., N Y N Y (S? 

presST^an Sfjr^l^^dS?. " '''' T'^' '^^"^ *^"P^^^ '"^^ ^ ^'^^ te^^^urSsma at high 
S imfhiah oreS^«TlwH I '^^""""^ cavity energized by high frequency electro-magnetic waves. For 
D esS 0? an^m^imtl 7^? ""'T""* ^'^"^"''^ of approximately 100 Terr, but typicai^ atmospheric 

An electro-magnetic cavity is comprised of an enclosed structure having conducting waiis These structur^.^ 
Stv andt fh» ^- T properties only at special frequencies delemiined by the dimensions of the 

Hlal^wmLSt, °! "^'f/^ P°wer is promoted by eliminating reactive losses in the caJir 
whToaraSorCthfinK^^ 

tnn prod ^on^^^^^^^^^^^ T'"' ^^'"^ *° ^ the rate of 

d Son eTc Sate SSSn t^^^^^^ °^ recombination, 

e ectro^Js SiST in t„m n Jn h electron-molecule collision depends on the density of high energJ 

elecS: ""''"'^ ^"'^ ^^•■^"Sth within the cavity, which accelerates thJ 

meSS' mic^Ses SSt^hTl"^" "L^^T^ ''^h power radio frequency waves (1-600 
freqlencV^knge Saher^^^ ^'^^^f ^ or millimeter waves (30-1000 gigahertz). In the 

quency range i megahertz to 10 gigahertz a resonator cavity can be used with a reliable wave source. The 
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resonator cavity can have a quality factor greater than 100 and produce a large enough electric field to 
breakdown air (33,000 volts/centimeter) in any desired gaseous fluids with as little as 5,000 watts of power. 
With microwave breal<down of the gases, there is a formation of a higli-pressure plaana that ts sustained by 
the continuous input microwave power. The electrons oscillate out of phase with the oscillating electric fields 

6 within the cavity and transfer energy from the waves to the electrons since the elecU'ons coliide during a single 
period of the wave osciliation which alters the phasing between the waves and the electron resulting in energy 
transfer. The plasma in such a cylindrical cavity has a maximum electron density of 1 x 10''2 parlicies/cubic 
centimeter and a temperature of 10,000-100,000 degrees C and a volume up to and greater than 3,000 cm^. 
The plasma is stabilized by the flow of gases through the wave guide directed at the plasma. At near 

10 atmospheric pressure (760 Torr) it is not desirable to confine and stabilize the plasma with a quartz tube, and 
not possible using a magnetic field. 

Hot electrons near 10,000 degrees centigrade are very efficient in the dissociation of molecules. In the 
cavity, nitrogen or oxygen from the air or the actual gaseous fluids to be processed are broken down by the 
extremely high electric field, greater than 33,000 volts/cm, produced by a high quality factor, Q greater than 

15 100, cavity and modest microwave power of approximately 10,000 walls. 

For air and other gases at atmospheric pressure, plasma initiation is achieved at a field strength of 
approxHYiately 30 KV/cm, The breakdown criterion depends on the electric field, frequency, gas pressure, 
diffusion length and gas ionization potential. At atmospheric pressure where the electron-atom collision 
frequency Is much greater than the microvrave source frequency, the breakdown criterion is independent of 

20 the microwave frequency and the diffusfon length. The maximum electric fi^d within the resonant cavity is 
given by 



2 [p/v q] 



where 

P = electro-magnetic power in watts 
V = cavity volume, in meters cubed (m^) 
4Q f = frequency in Hertz 

0) = radian frequency =» 2jrf 
e»= permitivrity of free space 
Q is the quality factor vMch is a measure of the efficiency of the cavity, it is defined as 



Zir f (overoge stored energy) 
(energy loss per second) 



(2) 



The quality factor may range from 10 to 10,000, since ttie quality factor of the microwave cavity establishes 
the electric field at constant power, Q is an important parameter in meeting the breakdown criteria. 
Accordingly, in order to achieve a high efficiency (high Q cavity) the design parameters are extremely critical. 
The higher the Q the larger the internal fields, the longer the energy is stored, and the narrower the resonant 
frequency bsaidwidth of the cavity. 

A cylindrical caMty is capable of supporHng a number of transverse magnefic (TMnmi) and transverse 
electric (TEntrn) resonants within a narrow frequency range. For a cylindrical cavity sudr\ as cylindrical cavity 12 
described herein with a radius "a° about the central axis X-X and a height "d" measured along the central axis 
X-X; central axis X-X runs parallel to the 2 coordinate. Each resonant frequency mode satisfies the selection 
rule: 
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1/2 



(3) 



irnloroZ;^::^^^^^^ - the frequency of the electro-.agnetlc 

speed of tight. To "tune" f^Sl^ rSSl? "^^^^ ""'^b^'' the centra! axis X-X. and cIs the 



2_a 
^01 



where Xoi is the zeroth root of Jo' (X) -0 Xoi - 2 405 



ml 



sin ne 
-cos nd 



cos nd 
sin n(? 



{5} 
(5) 



(8) 
(9) 
(10) 



Aperture Coupling 
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than the wave length of the e!ectro-magnetic energy. The aperture is a purely reactive element and is 
considered to be either capacitive or Inductive. 

In a wave guide 16 having a rectangular vertical cross-section with a widtli "a" and a height "b" the 
impedance of a rectangulsw aperture with a height "dr" and a width "a" is given by 



= In 



Xq 1 



CSGTTdl 

2b 



wrtiere 

Za = Impedance of the aperture 
%g = impedance of the wave guide 
Zo = wavelength of the wave guide. 

in the same wave guide, if the height of a rectangular coupling aperture is "b" and the width of the coupiing 
aperture is "C;" then the impedance of the aperture is given by: 



" Xg (12) 



The Reentrant Cavity 

There are situations which require plasmas at high pressures and where there is a need to increase the 

^ temperature of the plasma beyond 10,000 to 100,000 degrees achieved in a cylindrical cavity in order to obtain 
desired chemical processing of gaseous fluids. For these situations a reentrant cwii^ is preferred. 

In order to achieve the high plasma temperatures at high pressures the strength of the electric field must be 
increased due to the fact that the electric field heats electrons by accelerating them during the time between 
collision of neutral atmospheric gas and the electrons. The ptasma temperature is fwoportlonal to the square of 

^ the electric field. Two ways to increase the electric fields are (1) increase the power of the electro-magnetic 
radiation or (2) improve the cavity being used. 

increasing the power is not a very efficient means of raising the strength of the electric field because the 
strength of the electric field is proportional to the square root of the power. Improvement in the standard 
cylindrical, spherical or rectangular design cavity to raise the qualify factor Q is another possibility. Howev^. 
improving the quality factor Q to raise the electric field results in a cavity with a very nM-row operating 
frequency bandwidth wtitch is difficult to keep tuned during plasma formation. 

A better alternative is to use a reentrant cavity which achieves exceptionally large electric fields without 
having to raise the quality factor Q of the cavity to a level which results In a very narrow operating frequency 
bandwidth. Reentrant cavities have been applied to situations where large electt-ic fields are needed, such as 
microwave klystron oscillators and experimental high energy particle acoelerators. In the reentrant cavity the 
region of intense electric fields is in the capacitive, inner gap region 40 of the cavity. The electric field in the 
inner gap region 40 can be 3 to 10 times the strength of the electric field in a comparable cylindrical cavity. 
Accordingly, the electric field can reach strengths of 100-300 kiio-volts and much higher plasma temperatures 
at higher operating pressures that can be achieved with a comparable cylindrical cavity. 

^ The interior small gap region 40 acts as a capacitor with an exceptionally large electric- field, in excess of 
100,000 volts. The sun-ounding vertical coaxial portion 39 between the inner oyllndrlcai wall 48 and outer 
cylindrical wall 52 acts as a short-circuit transmission line that stores magnetic energy. The electro-magnetic 
power, such as microwave power, is coupled into the cavity with wave guide 16 and coupling aperture 36 at the 
outer cylindrical conductive wall 52 of the cavity. The magnetic energy in the outside coaxial portion 39 induces 

^ a vertical electric field in the capacitive, interior, small gap region 40. The electric field in the small gap region 40 
is much stronger than the electric field which can be achieved in the standard cylindrical cavity because of the 
small dimensions of the gap (about 1 centimeter or less). The plasma is formed and remains stabilized in the 
capacitive, small gap portion 40 because of ttie high electric field, the close pH-oximity of flie parallel electrically 
conductive walls which fomi the small gap portion 40 and the flow of the gaseous source of radicals 31 from 

^ the wave guide which is directed at the plasma In flie capacitive, small gap portion 40. 
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thP on^itfn^.? '^""^T^ "^^'^^ °P^^^«"S do^'" to ttie value 10 times below 

teteSbn ^Ll^TnTIt , This low frequency range is used routinely for commercial 

Lri^ I nl^r ? T"^- "^''^ P°*^"«^l i"^^strial atmospheric and high 

S eSu L'r^nnffr " P'-^^^^^i^S-.U^^ °^ ^^^"trant cavities can produce plasmas where operating 

TlLnZVr Z '^T"^. '^^^ *° ^0-20 ^imes atmospheric pressure, 

ai^nn th! 7 ?' "t^^'l* <=avity Can be viewed as a shorted coaxial transmission line (Section M) 

?Sio5 J IS made up of the outer coaxial cavity portion 39 in parallel with a capacito 

an oscillator current !<, on the coaxsal line center conductor, a perpendicular magnetic field H is produced. 



to 
2Fr 



where © = the radian frequency of the electro-magnetic wave. 
The free space wave impedance, 

yields a radial electric field. The boundary conditions for the electric field are: Er = O for Z = 0, and Z = L 



(16] 

^^'^ P^rtio" M induces an electric field in the Inner 

smasi gap portion N. 



B r^^oH Xilf ^' ^^'^ ^'^""^ ''^ ^ *° fl^®^ With 
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-J^ I I H^drdz 



Thus, the electric field in the gap N is determined by h, b, and a, but not by L The smaller the dimension of 
the height h of the gap the larger the electric field. The electric field in the gap portion N is larger than in the 
IS outer coaxial portion M: 



^ _ 377 1^/2 irr 

" W/i(jEoln b/a /2 irh 

for r = a b/a * 1.5 h = a/10 - - (19) 

— = 5 X 10-3 

^7 



Thus, 99-1/2% of the elecfric field in ttte cavity is in the inner small gap portion 40. Because the volume of 
the gap Is very smalt, there is a large concentration of the electric field in this gap region. The relative electric 
field strength between the reentrant cavity and the cylindrical cavity can be determined if the quality factors Q 
of the cavities are assumed to be the same, then 



•'rp>pn^^^n^ r\ 



• (20) 

cyllnciricai 



Assuming the electric fields are constant in each cavity and d -= 1 cm in the reentrant cavity and the height 
of the cylindrical cavity is 10 crni, then 



■ 3.2 



Further reductions in the reentrant cavity gap haght can increase the electric field to factors of 5-6 over the 
gQ cylindrical cavity. This large electric field strength of the reentrant cavity has been used in l<lystron microwave 
power systems and high energy particle accelerators. 
The wave impedance of the coa5(ial line Z = Zo tan © L/c, where Zo = 138 log b/a and c = speed of light. 
The capadtance "C" of the gap in the reentrant cavity is: 
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C = -loZfli 

d ■■ (22) 

At resonance, the inductive and capacltive Impedance of the cavity cancel, so that 
C (Jc (23) 

a = 10 cm, b = 15 cm. and d = 1 cm, then L must equal 6 4 cm Selecting 
.^^ZZuIII'h °f ^^^'^y dimensions, microwaves having a frequency of 2.45 x 109 Hz ^an excite 

nSi n 1 r °f ""^f ™' '^'^''^'^ t« over-moded cavity. Although The Sd 

rthenTrtmngS^^^^^^^ ''"''^ ^" ^^netio field oompo em 



CHEMICAL KINETICS 



hv?rS.?nn in JLh ""'f ""'^^'"^ ^^^^^'^'on of methyl chloride, a simple chlorinated 

SetrSJn hoZ. k"^^ ^ P'*"'®"' Sas input through the electro-magnetic resonant cavity. Plasma 
SSue^cf rp f "^^■^^"'e io"feation of the steam into plasma. Water is the prind?^ 

reg on 40 of maximum eiectric field strength. Gas heating also occurs in that region as a result of the e^^ic 
colhsional energy transfer from high energy electrons to water molecules. 

. ION PRODUCYION ANn a A S HEATTWf; 

H2O + e~ — ^ H2O +2e- (24) 

i 



DISSOCIA TIVE RECOMBIHATTnH 

H2O+ + e"— OH + H+ 

HYDROCARBON nK-STRUCTIQW 
CH3CI + OH-> CH3O + HCl 
CH3O + H -J CH2O + H2 
CH2O + OH-^CHO ■ + H2O 
CHO + H -J* CO + H2 ' 



(25) 



(26) 



DaSfclS«nHhlZ;, ^.T dissociative recombination of the ions to form uncharged 

SS^;VhTh«H-n "u^^'J^ '^^'^ w't"^ '"^"^y' in the series of reactions listed 

under the headmg Hydrocarbon Destruction teadino tn th. ..itimot. h^. Hz. H,0 and CO 
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It is also expected that the high temperature of the plasma wouid cause molecular bond scission within the 
methy! chloride molecule. In this way the CH3CI molecule wouid be broken into atoms or smaller molecular 
segments which In turn would react with other atoms and free radicals, for example, C! + H HQ The net result 
would be the fbnnation of HCI, Ha, water and carbon monoxide. The destruction of larger hydroc^bon 
5 molecules would be e)q3ected to follow similar reaction kinetics. 

In conventional incineration of methyl chloride and larger chlorinated hydrocarbons the formation of chlorine 
gas is a major problem, especially when the hydrogen to chlorine ratio of the hydrocarbon is small. The 
formation of free chlorine can be suppressed fay the addition of water in order to increase H to CI ratio, but this 
also results In reduced flame temperature. The abundance of hydrogen atoms present in the plasma assures 
10 that ail chlorine existing in this process wouid be in the form of HCI. 

SOaNOii Destruction and Electron Energy 

Preliminary test results, obtained by passing flue gas through the resonant reentrant cavity while 
maintaining a microwave discharge, show that some SOa is destroyed while there is a net gain of NO. SO2 
15 destruction is promoted by high water vapor concentration and NO production is enhanced by high oxygen 
concentration. In order to explain these results, we note that the principal reactions for the removal of SO2 and 
NO are: 



SO2 + OH- 
NO + HO2 - 



HSO3 
HNO3 



HSO4 



(27) 



where the production of OH and HO2 are given by: 

HaO + e- + 13.0 eV-+ HzO* 28" {ionization) (28) 
HaO+ + e-->- H +0H (dissociative recombination) 
HaO + e- + 6.6eV-f OH + H" (dissociative attactiment) 
H+Oa-fHaO 



The principal reaction for the production of MO is by means of vlbrationally excited Na. 
Na(V) + O ^ NO + N 
where the production of NatV) and O Is given by 

Na + e- + .3eV-+ Na(V) + e" (29) 

Oa + e- + i2.l-.-O2- + 2e- (ionizaition) 

0*2 + e--»- 2(0) (dissociative recombination) 

02 + 6- + 2.9eV-^ O- + ©(dissociative attachment) 

It is seen that the precurors of the reaction producing NO are achieved at lower electron energies than are 
the precursors for tiie SO2 and NO destruction reactions. This indicates that as the average plasma electron 
energy increases from zcto, NO will first be produced and then destroyed, and SO2 and NO wiil then only be 
destroyed when sufflclent OH and HOa radicals are produced. 

Steam Discharge/Ammonia Injection Tests 

tt has been found that when NO Is mixed with steam and passed through the pEa^a discharge in the 
presence of stoichiometric quantities of NH3 or CH4, then a significant percentage of the NO is destroyed. This 
destruction occurs through the reactions: 

NH3 + 20H NH + 2H2O (in the plasma) 

NH + NO -* N2 + OH (outside of the plasma) 

CH4 + 30H CH + 3H2O (in the plasma) (30) 

CH + IMO -+ NH + CO (outside of the plasma) 

NH + NO N2 + OH (outside of the plasma) 

The OH radical does not directly oxidize the NO molecule because at the plasma temperature the OH 
lifetime is too short for this reaction. However, the reactions between OH and NH3 or CH4 are more rapid than 
the recombination of OH. The relatively longer lived radicals NH and OH can subsequently reduce the NO. 



Additional Practical Considerations 

To date only gases have been processed through the resonant cavity of this invention. In order to achieve a 
plasma state, the initial state must be that of a gas. Once a stable plasma has been achieved, it would be 
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EXAMPLE 1 



as reentrant electro-magnet c oaviW^^ 

steam from flowing back toward SicrS^^^^^^^^ r^^lZ ""^^ ^"'^^ ^^^^^^^^^ the 

atmosphere, 1.0to 1.3atrnosphereorarSateI^^^^^ slightly greater than one 

9.34 centimeters with an outer oonSuSrwaTss and .tlnTh l -^^' '^^"^'^''^ '^''^ ^ ^i^^*^^ 
small gap portion 40 where the electSfield wLL "P -f centimeters. The cavity had a capacitive 
the cavity, A tungsten bolt with rd^B^ J^l^t ™ T!^ ""^'^ P'"""^^ ^^'""^n was confined in 
provide a meansletor Llg he caSt^ ^.^^ ^^^'^ ^'^"9 -"tral axis X-X o 

A small innergap height, b ~ 1 ,5 SEterfr^SZ " ' " P'^^'^" °f ^^vity. 
and optimized plasma discharge App S^^^^^^^ 'K"^. of microwave power to the oavSy 

Of 2.45 GHz was transmitted to the c^ Sn Tne^^ ^ Z nfl^ °' P""'"'" ^ ^^^'^^^'^ 

guide during the plasma operation one {1 ) KW of microwave power reflected into the wave 

specfes. The plasma temperature aTthTcentSeX^^^ ""'^ ^'^'^''t^d 

wire to be In excess of Jooo degrees SfdraSf-^Je tl^^^^^^^^^ 

approximately 1,000 degrees centlrai S SdonL aft^^^^^ downstream of the cavity to 

center line X-X is estimated to be 10^W and the ml?.^?^^^^^ 

The steam plasma provided a source o^ownpn hir^ electron energy Is approximately 3eV. 
gaseous fluid. When the steam ifnrwas doLd^m ?h'' ^^^=^^^-3 of 

(OH) radical to form the NH2 radical Thte iXr^H^i J^u'' ^"^""'^ ^^acted with the hydroxide 

pollutants ir, fossil fuel combSron svSems T^^/^""^ ""'^ P°'L"*^"*"' ^"'^'^ ^= ^Oa. the major 

concentration of ammonMNH bj fj^^^^ water (H^O). To treat pollutants, the 

sprayed out ofthecavityintotheluedSwSeSS^sL^^^^^^^ '^"^ 

of pollutants In this example is accompllsh^fc^ fLX, SSutit^^^^ and SOa.Tl^ experimental treatment 

where they are treated by the hot NH2 S of raSs ^ ^° ^'^'^^"^^ '^""^ 



EXAMPLE 2 



pollutants. Other addit?^es Lch can be Sst^uted P^^ides similar reactfvfly ««th 

pollutants. Furthermore, other hydrocarbo^^^^^ hutf nf n.. ^ "^^'^ ^"^^^ 

expected to work as acetylene ani m^n^ ' P^"*^"^' '^^'^"^ ^^'^ ^^^^ '»<e. 



through the reenfrant cav^^StSy^'^aSWeXm^^^^^^^^^ ^''^"'^^^ 
EXAMPLE 4 

through the small holes InTe inSnd ex>iSi^« passed through the small gap region of the cavity 

cavity but allowed the Pass^e ofgas^ to K™^^^^^^ '^^^9- «f the 

wave guide to maintain a po^ive aas o^sZr^i^^^l. 5 . ® ^""^ ^^^^"^ ^^^^ *^o"9h the 
small amountof water vapoTwerenas^S^^^^^^^ f °" P'^™- ^ fixture of air and a 
and creates NO and HO2 ^ ^^^^"^'^^^^^ 
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To perform chemical processing in a large diameter duct, such as an industrial smoke stack, requires a low 
frequency re^itrant cavity which utilizes eiectro-magnetic radiation of frequencies between 1 and 2 MHz. Tlie 
configuration described as reentrant electro-magnetic cavn'ty 11 can be employed for treating NO, NOa and 
SO2 in the smoke stack of a fossil fuel burning plant. The small gap of the reentrant cawty can remain as small 
as in gap in much smaller diameter cavities. For these purposes, areentrant eiectro-magnetic ca\«ty 1 1 having 
the following dimensions would be appropriate: 

d = height of the inner gap region 40 between first plate 42 and second plate 44 = 1 cm 

a = radius of first intake plate 42 = 100 cm 

b = radius of second exhaust plate 44 = 130 cm 

L = height of cavity as measured from second exhaust plate 44 to coaxial tuning plunger 60 = 44 cm 
f = frequency of electro-magnetic radiation input into the cavity = 2 MHz 

These dimensions are determined according to the dispersion relation of: 



138 log b/a tan 



(3/) 



where to = 2jif 

The ability of this reentrant cavity to operate at low frequencies enables the use of a 100 KW high-power AM 
radio station trartstnitters to power the cavity in order to create the plasma in the small gap region of the cavity. 



EXAMPLE 6 



The reentrant cavity of the type described as resnb-ant electro-magnetic cavity 10 can be utilized to. operate 
30 at low frequencies, less than 100 MHz. By choosing a = 2 cm; b = 8 cm; and d = 1 cm. the dispersion 
relation for reentrant cavity is solved for L so that the cavity can operate at 100 MHz the frequency of an FM 
radio station. Using these Input parameters the dispersion relation yields a value for L 8.3 cm. Thus, a reentrant 
electro-magnetic cavity 10, described above, may be utilized to produce radicals vrfiich would neutralize NO, 
NO2 and SOa using the frequency of an FM radio station. 



EXAMPLE 7 



A cylindrical ca\nty shown in FIGS. 7-9 was made using an 8 inch diameter pipe. The normal modes of the 
40 microwave cavity were calculated for an 8 inch diameter cavity to determine the cavity height using the 
selection rule. The c^cutations resulted In determining that there are two (2) transverse magnetic modes in the 
cavity: 

TM011 with cavity height of 6.9 cm and 

TM 1 1 1 mode with a height of 9 cm. The microwave source frequency used is 2,460 megahertz. Using the air 
45 breakdown criterion of 30 kv/cm, the Q and the power requirements were determined. The microwave source 
was the Cober Electronics 6 m 2,450 meg^ertz magnatrm. A qudity factor Q greater ttian 1 .000 Is required 
for a plasma volume of 200 cm^ However, «ie problem with such a high Q cylindrical cavity is that the tuning 
height is difficult to nftaintain. 

The power absorbed per cubic centimeter of plasma is: 



S5 ^ 2m 



(32) 



where Me is the plasma density,!/ is collision frequency » 1.4 x 10" for lOeV electrons and gas at 
atmospheric pressure where e is the electron charge and m is the mass. For a 10,OCK) degrees C plasma vwth a 
density of 2 x lOH electrons per cubic centimeters and an electric field strength of 10 KV/cm the power 
absorbed is approximately 10 watts per cc. Impedance measurements of the cavity were made with a network 
analyzer to insure good coupling of the microwave power into the cavity. The frequency bandwidth AF of the 
cavity resonance condition for each cavity nrvode was measured to detemiine the quality factor Q of the cavity. 
The results were, exhibited on Smith Charts (not shown). For both cavity modes AF was less than or equal to 
1MHZ and ttie Q was greater than or equal to 2000. During these measurements SO2 was pumped in at 1,000 
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raXriStm ?htToSJ PP"^- ''^^ P""^^^'^ PP"^ between 



(a) an electro-magnstic resonator cavity having conductive wails- 
nrlnLT «'®'=5°-"^3g"etic radiation source which produces electro-magnetic radiation havina a 
p edetermmed frequency and power level for breaking down said gaseous fliSd and cre^ JS I 
plasma Withm said eieclro-magnetic resonator cavity- 9*^!>eous iiuia ano creatmg a 

fn ^11" ^'^^^^-"lagnetic guiding wave structure connecting said electro-magnetic radiation source 
^ said e,ectro-magneftc cavity for transmitting said electro-magnetic radiatS frl sSd 
electro-magnetfc radiation source to said electro-magnetic cavity 

(d) an intake port in said conductive w^ai! of said electro-magnetic resonator cavitv for introducing 
safd gaseous ftuid into said electro-magnetic resonator cavity; ^ iMroducrng 

wiS ^"^^^^^ ^^''^ conductive wall of said electro-magnetic resonator cavitv for 

dischagmgprocessedgaseousfluidfromsaidelectro-magneticresonaLcavity a^^^^^^^ ^ 

said eiectro-magnetic radiation guiding wave structure into said electro-magnetic resonator cavitv 
for conf,n,ng and stabitizing said piasma within said electro-magnetic resonator caStJ ^ 

eJh nnltPrT '^"^^V"", ^^"^ ^^^^'^y includes a first and a second conductive wall 

each positioned approximately perpendicular to a common central axis ' 
.iL Jl^ aPP^-^fus recited in claim 2. wherein said first and second conductive walls are circufar and said 
itT T^^'^ ^ ^«"<^rical conductive outer wail portion h^S a circS 

^L!*^? f*^.^^"^ electro-magnetic cavity includes a conductive outer wail having a JoivoonLI 
cross-section about perpendicular to said common central axis ^ poiygona! 

forlnlllfd^,^^*''','^'''^^'' '"f.^ °^ ""^"^^ ^ ^« 3' therein said intake port includes an intake aperture 
for >ntroducrng said gaseous fluid into said electro-magnetic resonator cavity without allowina the leakaae 
of said electro-magnetic radiation from said electrxj-magnetic resonator oaZ- anS ^ 
^ip4r™ f ^P^"^"™ discharging the processed gaseous fluid from said 

ran^'Sf^Er^rco^^^^^^^ 

(a) an electro-magnetic resonator cavity having conductive walls, which includes 
structu'e^'and' ^'"'"^ conductive walls coupled to an electro-magnetic guiding wave 

c«viSnnrtS.^' connected to and contiguous with said conductive walls of said outer 

cav ty portion, said inner gap portion having a first and a second conductive wall forming a capacit ^ 

aIione?«nn?a^^''.t^f'^'°" P°'^'°" ^^"'"9 ^ ^^'""'O" central axis and being 

SrtfsaTd'iom^n'LSra^lS^ '° °^ ^'^ 

nridltt?^t^ h'?""'^^"^"'' ^^"'"^ produces electro-magnetic radiation having a 

electro-magnetlcradiatronsourcetosaidetectro-Jgnetlccavity 

d) an intake |Dort in said conductive wall of said electro-magnetic resonator cavity for Introducina 
said gaseous fluid into said electro-magnetic resonator cavity miroaucmg 
diirLrlf''^"'^ ^^"^ conductive wall of said electro-magnetic resonator cavity for 

dischargingprocessedgaseousfluidfromsaidelectro-magne^^ 

said eSrZr.r^"*!?'^"* "^^^ '""""^"^ ^ gaseousfluidflowing from a direction of 

? fJd mnerS nn^^^^^ "^'f '^'^ electro-magnetic resonator cavity, directed 

at said inner gap portion for confming and stabilizing said plasma within said electro- magnetic 
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resonator cavity. 

6. The apparatus recited in claim 5, wherein said intake port inciudes an intake aperture, said Intake 
aperture having its largest cross-sectional linear dimensirai not greater than approximately one-half the 
wavetwigth of said electro-magnetic radiation for introducing said gaseous fluid into said electro-mag- 

5 netic resonator cavity witiiout allowing the leakage of said electro-magnetic radiation from said 

electro-magnetic resonator cavity; and 

said exhaust port includes an exhaust aperture, said exhaust aperture liaving Its largest 
cross-sectionai linear dimension not greater than approximately one-half the wavelength of said 
electro-magnetic radiation for discharging the processed gaseous fluid from said elecft-o-magnetic 

10 resonator cavity wnthout allowing the leakage of said electro-magnetic radiation from said electro-mag- 

netic resonator cavity. 

7. An apparatus for creating a plasma for enhanced chemical processing of gaseous fluid at a wide 
range of pressures, comprising: 

(a) a reentrant electro-magnetic cavity Including an outer coaxial portion and an inner gap portion; 
IS (b) an electro-magnetic radiation source which produces electro-magnetic radiation having a 

predetermined frequency and power level for breaking down said gaseous fluid and creating a 
plasma within said electro-magnetic resonator cavity; 

(c) an electro-magnetic guiding wave structure connecting said electro-magnetic radiation source 
to said electro-magnetic cavity for transmitting said electro-magnetic radiation from said 

20 electro-magnetic radiation source to said electro-magnetic cavity; 

(d) an intake port in said conductive wall of said electro-magnetic resonator cavity for introducing 
said gaseous fluid into said electro-magnetic resonator cavity; 

(e) an exhaust port in said conductive wail of said electro-magnetic resonator cavity for 
discharging processed gaseous fluid frcHTi said electro-magnetic resonator cawty; and 

25 (1) plasma confinement means which includes a source of gaseousffuid flowing from a direction of 

said electro-magnetic radiation guiding wave structure, into said electro-magnetic resonator cavity, 
directed at said inner gap portion for confining and stabilizing said plasma within said electro- 
magnetic resonator cavity. 

8. The apparatus recited in claim 7, wherein said intake port includes an intake aperture for introducing 
30 said gaseous fluid into said electro-magnetic resonator cavity without allowing the leakage of said 

electro-magnetic radiation from said electro-magnetic resonator cavity; and 

said exhaust port includes an exhaust aperture for discharging the processed gaseous fluid from said 
electro-magnetic resonator cavity without allowing the leakage of said electro-magnetic radiation from 
said electro-magnetic resonator cavity. 

35 9. The apparatus recited in any one of claims 5 to 8, wherein said outer cavity or coaxial portion includes 

a cylindrical conductive outer wati having a circular cross-section approximately perpendicular to said 
common central axis, said cylindrical conductive outer wall being axially aligned with said common central 
axis, or said outer cavity or coaxial portion includes a conductive outer wall having a polygonal 
cross-section about perpendicular to said common central axis, said conductive outer wall being axlaliy 

40 aligned with said common central axis. 

10. The apparatus recited in any one of claims 5 to 9, wherein said intake port and said exhaust port are 
positioned across said inner gap portion thereby directing the entire flow of said gaseous fluids through 
the electric field generated in said inner gap portion. 

1 1 . The apparatus recited in any one of claims 1 to 10, wherein said plasma confinement means Includes 
45 an inner conduit connected to said electro-magnetic resonant cavity. 

1 2. The apparatus recited in claim 1 1 , wherein said plasma confinement means further includes an intake 
nozzle connected to said Inner conduit for introducing said flow of gaseous fluid into said inner conduit. 

13. The apparatus recited in claim 1 1 or claim 12, wherein said guiding wave structure includes safd Inner 
conduit. 

50 14. The apparatus recited in claim 13, further including means for confining said gaseous fluid and 

preventing the gaseous fluid from flowing out of said apparatus through said inner conduit of the guiding 
wave structure, said confinement means positioned in said inner conduit between said intake nozzle and 
said electro-magnetic radiation source to block the flow of the gaseous fluids in a direction from said 
electro-magnetic resonator cavity toward said electro-magnetic radiation source wrfthout inhibiting the 

5S propagation of eiectro-magnetic waves in said guiding wave structure. 

16, The apparatus recited in any one of claims 1 to 14, further comprising tuning means for adjusting the 
resonant frequency of said electro-magnetic resonator cavity to match the frequency of the 
electro-magnetic radiation source by altering a dimension of said electro-magnetic resonator cavity, 

1 6. The apparatus recited in claim 1 5 when appendant from claim 2 or claim 3, wrtierein said tuning means 
60 includes means for adjusting the distance beteen said first and second conductive walls along said 

common central axis. 

17. The apparatus recited in claim 1 5 when appendant from any one of cl^ms 5 to 10, vrfierein said tuning 
means includes means for altering a dimension of said outer cavity or coawal portion. 

18. The apparatus recited in claim 17, wherein said tuning means indudes means for adjusting the 
65 distance between Wie first and second conductive walls of said gap portion. 
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dtlTnT^'fT '"^ °^ ■> *° therein said guiding wave structure includes 

r7.:i:.r\:£l^^^^^^^ "T- "T"' """^ structure and tha eieotr^magSc 

20. A method for enhanced chemical processing of gaseous fluid, comprising the steps of ■ 
coificteS! ' °' eiectro-magnatic resonator cavity havirig 

(b) transmitting electro-magnetic radiation from an electro-magnetic radiation source throuoh a 
Stio ^^'^ electro-magnetic resor^tor cavity S SrVSe«^ 

dZ Z^ZtT"''''"''''''''? ""'^"""'^ ^'^ ^^«^te an ^ectric field for bSg 

So!CS;"s^^^^^^^^^ ^^^^ ^^^^-'^ ^ P'-- Within saiS 

miansfan^^'"^ ""''^ ^'"^ electro-magnetic resonator cavity through an exhaust 

QastZTT^ ^'""^ '"'"^ ^^""''"^ '■^^^^ ^"'^ chemically process said 

21. The method recited in claim 20, further compnsing: 

said'*''!Srl°r ^ f^^"" tt^^ d'r^^tton °f said guiding wave structure at said plasma iriside 

Sr^S^nerrrnat^rr^^^^ "^'^ ^"^ ^^^''^'^^'"^ ^'-^ ^^^^i" 

22. Amethod for enhanced chemical processing of gaseous fluid, comprising the steps of 
hat^;a;;t;'p po'rtSn;" ''^""^ °^ "'''^^'^ ^" eieotro-magnetic resonator cavity 
„,.SL«^?.tT'"'"? electro-magnetic radiation from an electro-magnetic radiation source through a 
Eml^ZttS T r^"' *° electro-magnetic resonator ca™sa(d 
£ orb^^k^/n °" 5f""^ ' predetermined frequency and power level to create an electric 
field for breaking down said gaseous source of radicals into free radicals and creatinq a nlasma 
within said electro-magnetic resonator cavity; ^-reaiing a piasma 

gaitSSSI"^ ^'^^ ^^'^ ^"^^""^ ^'^''^ *° '""^^ ^"'^ chemically process said 

23. The method recited in claim 22. further comprising : 

DortSSd/.^'iT.l^^'^''' '""^ ""■'^ 9"''^'"9 ^t™°*"re to said smal! gap 

eTer-^aLtr.^^^^^^^^^^^^ 

24. A method for enhanced chemical processing of gaseous fluid, comprising the steps of: 
caKSgSirSsT " ^"^^ """^ °^ ^ electro-magnetic resonator 
r,„Sn!l"^[irJ"''r^ electro-magnetic radiation from an electro-magnetic radiation source through a 
?SonZrarnr'^Ll^^^^^^^^^ '^"^ eiectro-magnetic resonator cavity, said eiectro-magneti; 
Hntffl^H ^ P edetermlned frequency and power level to create an electric field for breaking 
down said gaseous fluid and creating a piasma within said electro-magnetic resonator cavity- 
inil . ,^ % of gaseous fluid from the direction of said guiding wave structure at said plasma 

an exhtust mSs^^'' processed gaseous fluid from said electro-magnetic resonator cavity through 

r^Lli^ ^1*"°^ '^''^'^ ^"^^ '^^'^'^ ^^'^ *'°w of gaseous fluid includes a gaseous source of 
SfemSirr«1.rr".r°"J'^ '^""''^ vWthSn S cavity ^TaS 

chemically reacted with said gaseous fluid piasma to form said processed gaseous fluid. 
^i>. A method for enhanced chemical processing of gaseous fluid, comprising the steps of 

nii£/n?^?5'"l^'!''^°""'^^"^^''' fr'"^ ^" electro-magnetic radiation source through a 

Som^LSS fT"'* '^^'"^ electro-magnetic resonator cavity, said 

ftw hSn/n ' " ^ predetemiined frequency and power level to create an electric 
relonator caS ' ^'""^ ''^'^'"^ ' ""'"'^ '"'^ electro-magnetic 

aa^i^SSlHl'!L°* ^^?°"f °^ ""'^ 9"'^'"g «'™^t"re at said small 
piasma withm sard reentrant electro-magnetic resonator cavity and 

caJSrtSg^^'erusrrSran?' ^^"^ ^^^^ '•^^"^^^^ electro-magnetic resonator 

27. The method recited in cialm 26. wherein said flow of gaseous fluid includes a gaseous source of 
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radicals, said gaseous source of radicals is broken down into free radicals within said small gap portion of 
said cavity and chemically reacted with said gaseous fluid plasma to form said processed gaseous fluid. 
23. The method recited in any one of claims 20 to 23, wherein said flow of gaseous fluid is introduced 
through an intake means in said guiding wave structure. 
5 2S, The method recited in claim 28, wherein said flow of gaseous fluid indudes said gaseous source of 

radicals. 

30. The method recited in claim 29, wherein said free radicals discharged from said exhaust means are 
combined with said gaseous fluid outside said cavity. 

31. The method recited in any one of claims 20 to 30, wherein said gaseous source of free radicals is 
10 seieoted from the group con^sting of water, methsaie, acetylene and ammonia. 

32. The method recited in any one of claims 20 to 31, wiierein said gaseous fluid is selected from the 
group consisting of: NOx. chlorinated hydrocarbons, and SO2. 

33. The method recited In any one of claims 20 to 32, wherein 

{a) said gaseous source of radicals is ionized by said electric field in said cavity according to the 
15 formula: 

H20 + e--^H20+ + 2e- 

(b) said bnized gaseous source of radicals is dissociated into a plasma containing the free 
radicals H and OH according to the formula: 
H20+ + e--^0H + H 

SO (c) said free radicals combine vWth said gaseous fluid to react and chemically process said 

gaseous fluids according to the formula: 



CH^Cl 


+ 


OH— 


CHgO 


+ 


H— 


CH2O 


+ 


OH - 


CHO 




H — 



CR 0 + HCl 
->CH_0 + 



-^CHO 



34. An apparatus which creates a plasma for enhanced chemical processing of gaseous fluid at a wide 
range of pressures comprising :- 

(a) an electro-magnetic resonator cavity having conductive walls; 

(b) an electro-magnetic guiding wave structure adapted to connect an elecfro-magnetic radiation 
source to said electro-magnetic cawty for fransmitUng electro-magnetio radiation from said 
electromagnetic radiation source to said electro-magnetic cavity, said electro-magnetic radiation 
source being capable of producing electro-magnetic radiation having a predetermined frequency 
and power level for breaking down said gaseous fluid and creating a plasma within said 
electro-magnetic resonator cavity; 

(c) an intake port in said conductive w^l of sad electro-magnetic resonator cavity for introducing 
said gaseous fluid into said electro-magnefic resonator cavity; 

(d) an exhaust port In said conductive wall of said electro-magnetic resonator cavity for 
discharging processed gaseous fluid from sedd electro-magnetic resonator cavity; 

(e) plasma confinement moans which includes means adapted in operation to direct a gaseous 
fluid flowing from a direction of said electro-magnetic radiation guiding wave structure into said 
electro-magnetic resonator cavity for confining and stabilizing said plasma writhin said electro-mag- 
netic resonator cavity. 

35, An apparatus which o-eates a plasma for enhanced chemical processing of gaseous fluid at a wide 
range of fffessures, comprising : 

(a) an electro-magnetic resonator cavity ha>rfng conductive walls, which includes 

(i) an outer cavity portion having conductive walls coupled to an elecfro-magnetic guiding wave 
structure; and 

(ii) an inner gap portion connected to and contiguous with said conductive walls of said outer 
cavity portion, said inner gap portion having a first and a second conductive wall forming a capacttive 
region for generating an electric field vtrithtn said inner gap portion sufHcient for plasma breakdown of 
said gaseous fluid, 

said Inner gap portion and said outer cavity portion having a common central aMs and being 
aligned approximately perpendicular to said first and second conductive walls of said gap portion 
and to said common central axis; 

(b) an electro-magnetic guiding wave structure adapted to connect an electro-magnetic radiation 
source to said electro-magnetic cavity for transmitting electro-magnetk; radiation from s^d 
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SlJrh.1nn'^rM'^*'r ^"'H'''^ *° ^^^^ electro-magnetic cavity, said eSectro-magnetic radiation 
^TnlXT? °^ ^^^'"'''"^ electro-magnetic radiation having a predetermined frequeno! 
:£tr^oTaUrrelS^^^^^^^ ^ witHi^n ..J 

(d) an exhaust port in said conductive wall of said eiectro-magnetic resonator ca\fl-tv for 
d,scharg,ng processed gaseous fluid from said eiectro-magnetic resonator cavity and ^ 

f.S'fS=;^^l=S^^ 

rang e'^f SJS/Sr^S:' ''"""'"^ ^"^^"^ ' 

ih! InT.tl'^^J.TT^^'^^'' '^^"^ '""'"^'"9 portion and an inner gap portion' 

(b) an eiectro-magnetfo guiding wave structure adapted to connect an electro-maonetic radiation 
source to said electro-magr^etic cavity for transmitting eiectro-magneS raSoHrom 
electro-rmgnetic radiation source to said electro-magnetic cavity said electro-mSnetio radi^Sn 

nd ooSMeTfor I'.f ? e'ectro-magnetic radiation having a predeteied C^ncy 

(c) an intake port in said conductive wall of said electro-magnetic resonator cavity for introducino 
said gaseous fluid into said electro-magnetic resonator cavity; 'mroducing 
Hii^Lfl®!^"^* ^"^^ conductive wall of said electro-magnetic resonator cavity for 
discharging prooessed gaseous fluid from said eiectro-magnetic resonator cavity and 
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@ Apparatus and method for enhanced chemical processing in higli pressure and atmospheric ptas 
frequency elecb-o-magnetic waves. 

@ An apparatus and method are disclosed for creating high ng. ; 

temperature plasmas for enhanced chemical processing of . ■ . 
gaseous fluids, toxic chemicals, and the like, at a wide range of ' ' - 
pressures, especialiy at atmospheric and high pressures. The 
apparatus includes c>n electro-magnetic resonator cavity (10), 
preferably a reentrant cavity and a guiding wave structure (16) 
which connects an electro-magnetic radiation source (14) to 
the cavity. The cavity includes an intake port (26) and an 
exhaust port (28), each having apertures in the conductive walls 
of the cavity sufficient for the intake of the gaseous fluids and 
for the discharge of the processed gaseous fluids. The 
apertures are sufficiently small to prevent the leakage of the 
electro-magnetic radiation from the cavity. A source of gaseous 
fluid flow from the direction of the electro-magnetic racfiation 
source (14) through the guiding wave structure (16) and into 
the cavity (10) acts on the plasma to push it away from the 
guiding wave structure and the eiectro-magnetic radiafion 
source. The gaseous fluid flow confines the high temperature 
plasma inside the cavfty and allows complete chemical 
processing of the gaseous fluids at a wide range of pressures. 




European Patent 
Oifice 



EUROPEAN SEARCH REPORT 



EP 88 30 5236 



DOCUMENTS CONSIDERED TO BE RELEVANT 



EP-A-0 264 913 (HITACHI LTD) 

* Column 3, lines 32-41; column 5, 

lines 48-58; column 6, lines 1-10,38-57 



EP-A-0 252 548 (PHILIPS 

PATENTVERWALTUNQ) 

* Page 3, lines 15-24; page 5, 

1-10 * 



JOURNAL OF PHYSICS E. SCIENTIFIC 
INSTRUMENTS, vol. 16, no. 12, December 
1983, pages 1160-1161, The Institute of 
Physics, Dorking, GB; G. MOREAU et al.: 
"Cavite microonde pour plasmas a 
pression atmospherique" 

* Page 1160, right-hand column * 

IEEE TRANSACTIONS ON PLASMA SCIENCE, 
vol. PS-2, December 1974, pages 
297-306, IEEE, New York, US; S.F. MERTZ 
et al.: "Art experimental stucjy of 
reactions of CO and H2 In a continuous 
flow microwave discharge reactor" 

* Page 298, right-hand column - page 
299; page 300 * 

EP-A-0 039 517 (TOKYO SHIBAURA DENKI 
K.K.) 

* Page 3, lines 30-37; page 4, lines 
1-10,32-35; page 9, lines 13-15 * 



The present search report has been drawn up for all cJsims 



1,3,5,7 

,9,10, 

12,20, 

22,23- 

29,32, 

34-36 

1-3,5,7 

,9,12, 

13,16, 

17,20, 

22,24, 

26,34- 

1-3,5,7 

-9,15, 

16,18, 

20,22, 

24,26, 

34-36 



1-3,5,7 
,15,20, 
22,24, 
34-36 



B 01 J 
H 05 H 
H 01 J 
A 62 D 
8 01 D 



19/12 

1/45 
37/32 // 

3/00 
53/34 



B 01 J 
B 01 D 
H 05 H 
H 05 J 
A 62 D 



THE HAGUE 



KERRES P.M.G. 



CATEGORY OF OTED DOCL.MENTS 

X ; particularly relei'ant if taken atttne 

Y ; particularly relevant If coiabincd nith another 

document of the simc calceoi? 
A : technological fcad;gt«und 
O : non-nrlttea itlsdiHare 



T : theory or principle BoderSjing the inventitm 
£ : earlier patcni docnrocnt, but pubildicd on, or 

after the filing date 
D : document cited in the application 
L : document cited for other reasons 

& : utember of the same patent (a 



